The planning of heating and cooling supply and demand is key to reaching climate and sustainability targets. At the same time, data for planning are scarce for many places in Europe. In this study, we developed an open source dataset of gross floor area and energy demand for space heating and hot water in residential and tertiary buildings at the hectare level for EU28 + Norway, Iceland, and Switzerland. This methodology is based on a top-down approach, starting from a consistent dataset at the country level (NUTS 0), breaking this down to the NUTS 3 level and further to the hectare level by means of a series of regional indicators. We compare this dataset with data from other sources for 20 places in Europe. This process shows that the data for some places fit well, while for others, large differences up to 45% occur. The discussion of these results shows that the other data sources used for this comparison are also subject to considerable uncertainties. A comparison of the developed data with maps based on municipal building stock data for three cities shows that the developed dataset systematically overestimates the gross floor area and heat demand in low density areas and vice versa. We conclude that these data are useful for strategic purposes on aggregated level of larger regions and municipalities. It is especially valuable in locations where no detailed data is available. For detailed planning of heating and cooling infrastructure, local data should be used instead. We believe our work contributes towards a transparent, open source dataset for heating and cooling planning that can be regularly updated and is easily accessible and usable for further research and planning activities.
Introduction
About 50% of the final energy consumption in Europe is spent on heating and cooling, including space heating and cooling, domestic hot water, and processing heat and cold [1] . The largest share of this demand is covered by fossil energy carriers [2] . Thus, the heating and cooling sector needs to be radically transformed in order to be in line with decarbonization targets. In contrast to other energy carriers (e.g., electricity and fuels), which are carried over hundreds (electricity) to thousands (oil, gas) of kilometers, the transmission of thermal energy (heat or cold) is still limited to local or regional systems [3] . Hence, the heating and cooling sector, per se, has a strong spatial dimension, which needs to be carefully considered in this transformation process. The European Energy Efficiency Directive [4, 5] takes into account these considerations by requesting Member States of the European Union to provide a so called "comprehensive assessment of the potential for the application of
Spacial Levels of Heating and Cooling Planning
In general, three different spatial levels of analyses and regional detail may be distinguished for heating and cooling planning. These levels are very different based on the aims of the analyses, the required data, and the potential (research) questions that can be answered. At the first, or top level, analyses are performed at the strategic level of heat planning, either at a national, regional, or municipal scale, with the objective to identify possible areas of interest for district heating, excess heat integration, and the overall potentials for different decarbonisation options in the sector.
On a European level, the heat density map of Heat Roadmap Europe [10] (see also, e.g., Connolly et al., [11] ; Persson et al., [12] ; Möller et al. [13] ) is one of the most relevant examples of this kind of analysis. Their methodology also uses a top-down approach but differs from our work insofar as they chose an econometric approach for the break-down of the demand data [14] . This project provides maps for downloading and use in the project platform. However, the datasets are not publicly available at the time of the submission of this paper. Moreover, the Heat Roadmap Europe project, a robust body of scientific literature (e.g., [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] ) on similar yet more locally focused projects, is available. The heat density maps developed in the frame of the comprehensive assessments at the national level also belong to this category. While valuable because they visualize heat demands at a regional level, the synthesis report on the evaluation of the Comprehensive Assessments from the Joint Research Centre [26] finds that most of the maps developed and provided for the first round of Comprehensive Assessments are only choropleth maps at the level of predefined areas based on administrative borders (e.g., a county, region, or municipality) or other statistical sectors, which are shaded/coloured to indicate the heat demands within this area. This kind of map does not allow further planning and only advises upon which areas to look at closer. Only a few of the Member States provided interactive isopleth maps that allow one to zoom in or that show a disaggregation of the heat demands at a high resolution raster level with public access (e.g., Austria [27] , Scotland [28] , and the Netherlands [29] ). Even fewer maps provide data or allow downloading of the heat demand density data for further assessments.
At the second level, analyses are done at the city or (larger) district level, aiming at developing regional development plans or evaluating the (pre-) feasibility of district heating. For example, a study performed by Brocklebank et al. [30] considers the initial stage of designing a district heating network, with energy mapping in the local area, using the case study of Darley Dale, England. The results of the mapping technique are compared to the heat mapping work carried out by the UK Government and are shown to be accurate enough for further analyses. Dorotić [31] presents an economic analysis to determine the actual demands and the potential energy supply by using GIS based heat demand mapping methods and applies the results to an analysis of district heating network expansion in the city of Velika Gorica. Wyrwa and Yi-kuang [32] developed and applied a methodology to generate the data needed for the development of district heating systems. Their article presents a combined bottom-up-top-down approach applied for the city of Krakow as a case study and calculates of the Energies 2019, 12, 4789 3 of 25 useful heat demand for space heating and hot water preparation. Further examples for this kind of analysis include the progRESsHEAT project [33] ,Čižman et al. [34] , and Dochev et al. [35] , which analyses the spatial heat demands for the City of Hamburg.
Detailed technical and local analyses at the district, building block, or even individual building levels constitute the third spatial level. At this level, different technological alternatives, technical designs, and planning options are assessed and compared in detail. For example, Törnros et al. [36] simulated the DH demand for a medium-sized DH network in a city in southern Germany and used a spatially explicit approach for the analysis by first geo-locating the buildings and their attributes obtained from various sources. Based on these results, the authors calculated the annual primary energy demands for heating and domestic hot water for all individual buildings and then aggregated these demands at the segment level of an existing DH network and simulated the water flow through the system to cover the demand.
Aims and Objectives of This Work
The objective of this paper, which builds on the work performed within the Hotmaps project, is to provide an open-data top-down derived dataset of the heated gross floor area and final energy demands for space heating and domestic hot water preparation for all EU28 countries (plus Iceland, Norway, and Switzerland) on a hectare (100 × 100 m) scale. The data are available as an open dataset and thus may be used by anybody to start analysing areas of their interest in the EU. By providing these data, we believe that we can substantially contribute to fulfilling the requirements defined by Annex VIII and support public authorities, energy agencies, and planners in strategic heating and cooling planning at the local, regional, and national levels.
Through the work and dataset presented in this paper, we contribute to the first two levels. The maps cover (heated) the gross floor area, as well as energy needs and final energy demands, for space heating and domestic hot water preparation in residential and non-residential buildings. The methodology can be classified as a top-down approach: Energy consumption data at the country level (NUTS (Nomenclature of Territorial Units for Statistics) 0) is broken down to the NUTS 3 level and subsequently to the hectare level based on different spatial indicators (for details, see the description of the methodology in Section 2). This generic top-down approach has very specific strengths and weaknesses. Its key strengths are the comprehensive availability of data for every region within the EU-28 (+ IS, NO, CH), the transparency of the applied method, and the consistency of the aggregated results with national statistics. This approach's weakness lies in the deviations between the developed data and the data generated based on a bottom-up approach using detailed data at the local level. This appears at a very high spatial resolution: The smaller the spatial selection of the heat density map, the higher the deviation between the concrete demand and building the stock data, which occurs naturally on the ground, and the statistical approach chosen for breaking down the data to the hectare level. Thus, it is important to be aware of this limitation and to apply the data for the purpose proposed earlier-i.e., for the strategic level of heat planning and regional energy planning but not for detailed technical design and planning (e.g., of district heating infrastructure).
After this introduction, we present in Section 2 the methods and approaches for developing EU-wide gross floor area and heat density maps. Section 3 presents the results, including a validation and comparison of the data for selected municipalities across Europe. We discuss the results in Section 4 and derive conclusions and provide an outlook for further work in this field in Section 5.
Materials and Methods

General Approach
The top-down heat density map developed in the Hotmaps project builds on a three-stage approach (see Figure 1 ). In the first stage (top-level), we derived the final energy demand (FED) and energy needs (EN) for space heating (SH) and domestic hot water preparation (DHW) based on Energies 2019, 12, 4789 4 of 25 extensive literature research for the individual countries considered in the study. These data sources include the following: energy consumption data from energy statistics (e.g., data derived from Eurostat and national energy balances [37] ), statistical data on the number of buildings, households, and shares of those per construction period [38] , statistical and project related data on the typical properties of different building types and construction periods per country, and average climate data for different regions. From these data we built a building dataset for each country [39] , which consistently combines these different types of input data, starting with the u-values for different building components and associated typical heat transmitting areas on the one hand and, on the other, the energy consumption reported in the national energy balances for the energy services focused upon by this analysis. This step is done by applying the Invert/EE-Lab model ( [40] , see also [41] ). The Invert/EE-Lab model is a dynamic building stock model that calculates the energy needs and final energy consumption for SH and DHW, as well as the space cooling for regions or countries based on an underlying building physics model described by national and international norms [42] [43] [44] [45] [46] alongside the energetic properties of archetype buildings and their building components, climate, and usage data [40] . for different regions. From these data we built a building dataset for each country [39] , which consistently combines these different types of input data, starting with the u-values for different building components and associated typical heat transmitting areas on the one hand and, on the other, the energy consumption reported in the national energy balances for the energy services focused upon by this analysis. This step is done by applying the Invert/EE-Lab model ( [40] , see also [41] ). The Invert/EE-Lab model is a dynamic building stock model that calculates the energy needs and final energy consumption for SH and DHW, as well as the space cooling for regions or countries based on an underlying building physics model described by national and international norms [42] [43] [44] [45] [46] alongside the energetic properties of archetype buildings and their building components, climate, and usage data [40] .
Figure 1.
Schematic process of how we derived data maps at the hectare level for the EU-28 countries.
In the second stage, we distributed the EN for SH and DHW from the country level (NUTS 0) to the third territorial units at the statistics level (NUTS 3) based on an approach that we developed within the study, "Territories and low-carbon economy" (ESPON Locate) [47] . At this stage, we combine several indicators to estimate the share of EN for SH and DHW for the different NUTS 3 regions within each country.
For residential buildings, we consider the following indicators. Additional information on this approach is presented in the final report of the Espon Locate project [47] .

Data provided by the European Census Hub 2011 [48] : In the second stage, we distributed the EN for SH and DHW from the country level (NUTS 0) to the third territorial units at the statistics level (NUTS 3) based on an approach that we developed within the study, "Territories and low-carbon economy" (ESPON Locate) [47] . At this stage, we combine several indicators to estimate the share of EN for SH and DHW for the different NUTS 3 regions within each country.
•
Data provided by the European Census Hub 2011 [48] :
• Persons (population); • Number of dwellings; • Heating degree days (HDD) at the NUTS 2-level are based on Eurostat [49] . Within the NUTS 2 level, the HDD at the NUTS 3 level are calculated based on the average HDD (18.5/18.5) calculated from the observed daily temperatures on a 25 × 25 km grid for the period 2002-2012 (see [50] ).
The final energy demand (FED) per m 2 gross floor area and building types are based on the Invert/EE-Lab model results derived by Fleiter et al. [37] .
The following indicators are used for non-residential buildings (only services, excluding large industrial production facilities, etc.):
Population, HDD, EN, and FED per m 2 gross floor area, building type, and construction period based on the Invert/EE-Lab building stock database [48] ; •
The share of dwellings per construction period of apartment buildings [48] ; •
The total value added of the service sector [51] ; •
The sectoral value added (VA) to the following sectors: (a) accommodation, restaurants, stores, and warehouses; (b) other private services; and (c) public buildings, research and education, art, culture, and the health sector [51] .
The third level constitutes the distribution of the NUTS 3 results at the hectare level and thus derives a heat density map. We developed an approach that correlates information from the locally built environment with its EN for SH and DHW preparation within the Hotmaps project and applied it to the EU28 countries, plus Norway, Iceland, and Switzerland. This was done by using a spatial distribution function based on similar indicators used at to transfer country data to the NUTS 3 level. This approach builds on the central idea that the EN for space heating and domestic hot water preparation correlates with the population number within a plot area, as well as its economic activity, climatic conditions, and some building properties, such as the average construction period and volume-to-surface ratios of the buildings. The final energy consumption (delivered energy plus thermal energy provided by on-site renewable energy sources) is then calculated from the energy needs by applying the country specific national conversion factor between the energy needs and final energy consumption.
Population Distribution at the Hectare Level
Our main source for local population data is a work published by Gallego [52] , where a dataset for the European population in 2006 at the level of 1 km 2 is given. In addition, we considered a dataset for the population in 2014 at the level of 250 × 250 m, developed by JRC [53] , which is also publicly available. Although the latter source is newer, we decided to use the older population data as the primary input data source for the population distribution because a comparison of the population based on these data sources and data from the human settlement project (i.e., the share of the plot area sealed by buildings at a 10 × 10 m level) [54] revealed that a significant share of the population in rural regions is distributed in areas with no buildings (see Figure 2 ).
for the population in 2014 at the level of 250 × 250 m, developed by JRC [53] , which is also publicly available. Although the latter source is newer, we decided to use the older population data as the primary input data source for the population distribution because a comparison of the population based on these data sources and data from the human settlement project (i.e., the share of the plot area sealed by buildings at a 10 × 10 m level) [54] revealed that a significant share of the population in rural regions is distributed in areas with no buildings (see Figure 2 ). An advantage of the new JRC population dataset [53] over the older dataset of Gallego [52] is that the new dataset partly covers areas that do not feature data in [52] . To combine these two datasets, we, therefore, calculated the population distribution on a 1 km 2 raster for Europe based on the following rules. If the primary population layer [52] does not contain data for a 1 km 2 grid cell, we use the data from a 1 km 2 grid cell layer derived from [53] as a fall-back option. An analysis of the resulting quality of the combined layer indicated that:
(a) The combination actually adds data in areas where the primary population layer does not cover all regions; (b) However, it also introduces a bias towards higher populations in less densely populated areas since a (non-systematic) shift in the (1 × 1 km 2 ) grid cells between the two population layers can be observed in many regions. That is to say, for example, data source 1 locates the population in a neighbouring cell, similar to data source 2.
Consequently, we obtain an overestimation of the population in rural areas when we distribute the population of the NUTS 3/ local administrative units (LAU) regions at the hectare level. To reduce this undesired effect, we give the population of the JRC layer a weight factor of 30% (by multiplying the population data with a factor of 0.3). We have chosen this value by assessing the results that we derived for different weighting factors (in the range of 10-100%) for different regions (see Figure 3 ). This value, we believe, offers a good compromise that balances the two effects that accompany the data: first, the described effect of overestimating the population in rural areas and secondly, the underestimation of population in areas not covered by Gallego. We, however, have not performed any systematic analysis on the optimal level for the applied weighting factor. the population data with a factor of 0.3). We have chosen this value by assessing the results that we derived for different weighting factors (in the range of 10%-100%) for different regions (see Figure  3 ). This value, we believe, offers a good compromise that balances the two effects that accompany the data: first, the described effect of overestimating the population in rural areas and secondly, the underestimation of population in areas not covered by Gallego. We, however, have not performed any systematic analysis on the optimal level for the applied weighting factor. Figure 3 . Schematic depiction of the method for combining the two data sources for population: Gallego [52] is the primary data source and places the population at the correct position but does not cover all areas (marked by red border lines), and JRC is secondary data source [53] , which is shifted but covers additional areas. Figure 3 . Schematic depiction of the method for combining the two data sources for population: Gallego [52] is the primary data source and places the population at the correct position but does not cover all areas (marked by red border lines), and JRC is secondary data source [53] , which is shifted but covers additional areas.
Within the 1 km 2 grid cells, we distributed the population by considering the land usage type at the hectare level using the Corine land cover data [55] and the European Settlement Map layer [54] , which depicts the share of the surface that is sealed by buildings on a 10 × 10 m grid. After distributing the population at the hectare level, we sum up the population for the local administrative units (LAU). This is done for the~115 thousand regions (Eurostat [56] , using the LAU 2, except for Greece and Denmark, where we used LAU 1, since the Census 2011 was performed at the LAU 1 level only). We then compared the population values with the population data in the local administrative units stated in the statistical data sources of Eurostat [48, 57] and JRC [58] . To reduce the deviations, we then adjusted the population distribution to determine a compromise between the populations at the square kilometre level [52, 53] , the population per LAU region, and the upper limit for the population density per hectare. For this upper limit, we analysed the distribution of the indicator: the population per hectare divided by the population in the corresponding 1 × 1 km grid cell. For this analysis, we calculated the ratio between the population per hectare and the average population within the same square kilometre grid for each hectare cell. We than clustered the outcome by the population densities at the 1 km 2 grid level and removed all data points that did not exceed the average results for the density by a factor of 2. For the remaining data points, we calculated 95% and 99% for different population densities and defined an upper limit for the population at the hectare level ( Figure 4 ), which is in the range of the 95-99% percentiles. The corresponding figure is read as follows: If 10 people live within a certain 1 × 1 km grid cell, then the population of each hectare cell within this 1 × 1 km 2 grid cell must not exceed~5 inhabitants (50% of the total population of that square kilometre). If a 1 × 1 km 2 grid cell is populated by 10,000 people, the upper limit for inhabitants per hectare within that square kilometre must not exceed~700 people (7%), and, for a population of 100,000 people per km 2 , the upper limit for the population per hectare in that area is 2000 people (2%).
which is in the range of the 95%-99% percentiles. The corresponding figure is read as follows: If 10 people live within a certain 1 × 1 km grid cell, then the population of each hectare cell within this 1 × 1 km² grid cell must not exceed ~5 inhabitants (50% of the total population of that square kilometre). If a 1 × 1 km² grid cell is populated by 10,000 people, the upper limit for inhabitants per hectare within that square kilometre must not exceed ~700 people (7%), and, for a population of 100,000 people per km², the upper limit for the population per hectare in that area is 2000 people (2%). 
Gross Floor Area of Buildings at the Hectare Level
Our methodology estimates the heated gross floor area of buildings at the hectare level based on two independent approaches. The first approach, which we call the "population-based" approach, builds on the population grid at the hectare level and estimates the gross floor area by multiplying the population on the hectare level with the average gross floor area per person in the corresponding NUTS 3 region. We derived this indicator from the data provided by the European Census Hub [48] for most European NUTS3 regions, namely the average floor area per dwelling and the average persons per household. This approach delivers reasonable results for the residential building stock. However, its predictive quality is poor in areas with a high share of non-residential buildings. To overcome this problem, we developed a second independent layer for the gross floor area of buildings. 
Our methodology estimates the heated gross floor area of buildings at the hectare level based on two independent approaches. The first approach, which we call the "population-based" approach, builds on the population grid at the hectare level and estimates the gross floor area by multiplying the population on the hectare level with the average gross floor area per person in the corresponding NUTS 3 region. We derived this indicator from the data provided by the European Census Hub [48] for most European NUTS3 regions, namely the average floor area per dwelling and the average persons per household. This approach delivers reasonable results for the residential building stock. However, its predictive quality is poor in areas with a high share of non-residential buildings. To overcome this problem, we developed a second independent layer for the gross floor area of buildings.
The second approach derives the heated gross floor area by considering the building footprints and the estimated number of floors per buildings. We extracted the building footprints from the European Settlement Map [54] and data from the building layer of the OpenStreetMap (OSM) database [59] . The European Settlement layer contains the share of plot area that is sealed by buildings on a 10 × 10 m grid, while the OSM database contains the buildings as 2-dimensional vector data.
To calculate the gross floor area from the building's footprint, we required information on the building height or number of floors. In order to obtain estimates for these parameters, we developed a building height model that estimates the average building height from the footprint of the buildings using the OSM-building data. The developed approach applies a generic building height model ( Figure 5 ), which is refined by the average regional (municipality-specific) building height-to-building footprint derived from buildings whose building height information is stored in the OSM database (~5 Mil. buildings spread over Europe).
As can be seen from Figure 5 , the generic model for the number of floors matches well for buildings with a 60 to 1000 m 2 building footprint. It is assumed that buildings with footprints below 30 m 2 are mostly unheated (no floors) and are partially unheated if the footprint is between 30-45 m 2 (number of floors of 0.5). For buildings larger than 1000 m 2 , the OSM-data show a further increase in the building height, while we, in contrast, keep the height constant until reaching buildings of 2500 m 2 and gradually reduce the number of floors to three for buildings with a footprint of 10,000 m 2 or more. The underlying reason for this method is as follows. The OSM-data mostly contain the building height, while the number of floors is calculated by us based on a constant floor height of 3 m (including structural elements). Based on personal experience, we believe that the ceiling height of very large buildings (industrial production halls, shopping centres, etc.) will be higher compared to smaller buildings and Energies 2019, 12, 4789 9 of 25 that the number of floors of such facilities rarely exceeds four. In the case of the OSM-data point for the largest building cluster (i.e., buildings with a footprint of more than 2500 m 2 (~20,000 buildings with a median footprint of about 6500 m 2 )), the average floor height would correspond to about 5 m if we consider an average number of floors as 3.5. To us, this number appears plausible. floors of 0.5). For buildings larger than 1000 m², the OSM-data show a further increase in the building height, while we, in contrast, keep the height constant until reaching buildings of 2500 m² and gradually reduce the number of floors to three for buildings with a footprint of 10,000 m² or more. The underlying reason for this method is as follows. The OSM-data mostly contain the building height, while the number of floors is calculated by us based on a constant floor height of 3 m (including structural elements). Based on personal experience, we believe that the ceiling height of very large buildings (industrial production halls, shopping centres, etc.) will be higher compared to smaller buildings and that the number of floors of such facilities rarely exceeds four. In the case of the OSM-data point for the largest building cluster (i.e., buildings with a footprint of more than 2500 m² (~20,000 buildings with a median footprint of about 6500 m²)), the average floor height would correspond to about 5 m if we consider an average number of floors as 3.5. To us, this number appears plausible. In order to estimate the average relationship between the building footprint and the building height, we calculated the number of floors for different building footprint sizes per municipality (~18,000 municipalities out of ~115,000 in the covered region, see Figure 6 ). In order to estimate the average relationship between the building footprint and the building height, we calculated the number of floors for different building footprint sizes per municipality (~18,000 municipalities out of~115,000 in the covered region, see Figure 6 ). While each individual building from the OSM database with some information on their building height is given a weight of 1, the generic model for the number of floors is given a weight of 20. The resulting relationship between the footprint and number of floors for 150 randomly chosen municipalities (for which building height data are available) is shown in Figure 7 . While each individual building from the OSM database with some information on their building height is given a weight of 1, the generic model for the number of floors is given a weight of 20. The resulting relationship between the footprint and number of floors for 150 randomly chosen municipalities (for which building height data are available) is shown in Figure 7 .
building height per municipality [59] .
While each individual building from the OSM database with some information on their building height is given a weight of 1, the generic model for the number of floors is given a weight of 20. The resulting relationship between the footprint and number of floors for 150 randomly chosen municipalities (for which building height data are available) is shown in Figure 7 . In the next step, we compare the gross floor areas derived from the OSM data with those from the population-based approach. If the outcome of the OSM-based approach is lower, then we scale-up the OSM data accordingly so that they match the outcome of the population-based approach. This is done up to a factor of four. If the gross floor area per inhabitant in a hectare cell is less than 15 m² according to the OSM-based data, then the OSM-quality indicator, which estimates the completeness of the OSM In the next step, we compare the gross floor areas derived from the OSM data with those from the population-based approach. If the outcome of the OSM-based approach is lower, then we scale-up the OSM data accordingly so that they match the outcome of the population-based approach. This is done up to a factor of four. If the gross floor area per inhabitant in a hectare cell is less than 15 m 2 according to the OSM-based data, then the OSM-quality indicator, which estimates the completeness of the OSM data (see Figure 8 ), is reduced. This process leads to a lower weight of the OSM-based heated floor area data in the final calculation of the heated gross floor area (see Table 1 ).
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Heating Degree Days at the Hectare Level
The starting point for the calculation of the local heating degree days is the observed average daily temperatures on the 25 × 25 km raster [50] for the period from 2002 to 2012. With a resolution of more than 600 km 2 per raster cell, this layer is too coarse to derive meaningful local heating degree days, as shown in Figure 9 (left figure) for the Alpine region, North Italy, and Croatia. To refine these data, we included in the calculation information on the local elevation using the digital elevation model over Europe (EU-DEM) layer at the 30 × 30 m grid level [60] and applied a temperature lapse rate of 6.5 • C per 1000 m elevation gain according to the specifications of the International Standard Atmosphere model [61] (see Figure 9 , right).
temperatures on the 25 × 25 km raster [50] for the period from 2002 to 2012. With a resolution of more than 600 km² per raster cell, this layer is too coarse to derive meaningful local heating degree days, as shown in Figure 9 (left figure) for the Alpine region, North Italy, and Croatia. To refine these data, we included in the calculation information on the local elevation using the digital elevation model over Europe (EU-DEM) layer at the 30 × 30 m grid level [60] and applied a temperature lapse rate of 6.5 °C per 1000 m elevation gain according to the specifications of the International Standard Atmosphere model [61] (see Figure 9 , right). Figure 9 . Heating degree days for the 25 × 25 km grid (left side) and the refined grid at the hectare level. Sources: [50, 60] and our own calculations.
The energy needs for space heating (SH) on a local level are corrected by applying the ratio between the calculated site's specific HDD and the HDD at the NUTS 3 level using an elasticity of 0.5. We purposefully corrected the energy needs for the local climate conservatively, as we tried carefully to avoid "overshooting" our corrections and instead preferred results that are "too" uniform for different areas. With such low elasticity, we also covered the (plausible) assumption that buildings in colder areas (e.g., those at higher elevations), in general, might already have higher energy performance than similar buildings in warmer (lower) areas, even if they have to fulfil the same energy performance standards.
Surface-To-Volume Ratio of Buildings and Historical Construction Periods
In order to calculate the spatial distribution of EN and the final energy demand (FED) for SH from the heated floor area, we furthermore considered the surface-to-volume ratio of buildings and the share of buildings per construction periods. To obtain data on the surface-to-volume ratio, we built on the data from the OSM building layer: the building footprint (area and perimeter) and the estimated building height. For the share of buildings per construction period, we extracted information on the soil sealing data provided by the Global Human Settlement project [53] for 1975, 1990, 2000 , and 2014 on a 38 × 38 m grid. Besides comparing the soil sealing ratio per grid cell for the time slots, we tried to correct the data for the soil sealed by other elements, such as roads, by considering the current share of soil sealed by buildings against the total share of sealed soil per grid cell (at the hectare level). We also generically considered building demolition. For the period after 2000, we considered an annual demolition rate of 0.2% for buildings constructed before 1975 and 0.1% for buildings constructed between 1975-1990. Thus, we assume that the stock of buildings constructed before 1975 is only 97% of that shown in the soil sealing map due to building demolitions between 2000 and 2014. Furthermore, we assume that at least 0.75% of the soil sealing share in each period (1975/1990/2000/2014) must stem from buildings constructed in the latest construction period. This means that if the soil sealing is 40% for a given grid cell in 1990, then the share of soil sealed by buildings constructed between 1975 to 1990 must be at least 40% × 0.75% = 0.3%. If the soil sealing map of 1975 already depicts soil sealing of 40%, we reduce that value by 0.3% and add that value to the construction period from 1975 to 1990. As an example, the outcome of this process is visualised in Figure 10 for the region of Vienna. Figure 9 . Heating degree days for the 25 × 25 km grid (left side) and the refined grid at the hectare level. Sources: [50, 60] and our own calculations.
In order to calculate the spatial distribution of EN and the final energy demand (FED) for SH from the heated floor area, we furthermore considered the surface-to-volume ratio of buildings and the share of buildings per construction periods. To obtain data on the surface-to-volume ratio, we built on the data from the OSM building layer: the building footprint (area and perimeter) and the estimated building height. For the share of buildings per construction period, we extracted information on the soil sealing data provided by the Global Human Settlement project [53] for 1975, 1990, 2000 , and 2014 on a 38 × 38 m grid. Besides comparing the soil sealing ratio per grid cell for the time slots, we tried to correct the data for the soil sealed by other elements, such as roads, by considering the current share of soil sealed by buildings against the total share of sealed soil per grid cell (at the hectare level). We also generically considered building demolition. For the period after 2000, we considered an annual demolition rate of 0.2% for buildings constructed before 1975 and 0.1% for buildings constructed between 1975-1990. Thus, we assume that the stock of buildings constructed before 1975 is only 97% of that shown in the soil sealing map due to building demolitions between 2000 and 2014. Furthermore, we assume that at least 0.75% of the soil sealing share in each period (1975/1990/2000/2014) must stem from buildings constructed in the latest construction period. This means that if the soil sealing is 40% for a given grid cell in 1990, then the share of soil sealed by buildings constructed between 1975 to 1990 must be at least 40% × 0.75% = 0.3%. If the soil sealing map of 1975 already depicts soil sealing of 40%, we reduce that value by 0.3% and add that value to the construction period from 1975 to 1990. As an example, the outcome of this process is visualised in Figure 10 for the region of Vienna.
As with the local heating degree days, we tried to conservatively correct the energy needs for the surface-to-volume ratio and construction periods. Again, we manually performed checks for different regions to indicate that the outcomes are plausible on a general level. We needed to remain cautious of the significant uncertainties of this methodology. Therefore, we gave these two factors a rather low weight and considered an elasticity of only 33% for the surface-to-volume ratio. To buildings constructed after 2000, we assigned a specific EN of 80%, and to buildings constructed before 1990, we assigned an EN of 125%, which was compared to the specific energy needs per building (for buildings constructed from 1990 to 2000). As with the local heating degree days, we tried to conservatively correct the energy needs for the surface-to-volume ratio and construction periods. Again, we manually performed checks for different regions to indicate that the outcomes are plausible on a general level. We needed to remain cautious of the significant uncertainties of this methodology. Therefore, we gave these two factors a rather low weight and considered an elasticity of only 33% for the surface-to-volume ratio. To buildings constructed after 2000, we assigned a specific EN of 80%, and to buildings constructed before 1990, we assigned an EN of 125%, which was compared to the specific energy needs per building (for buildings constructed from 1990 to 2000).
Comparison of the Resulting Data with Data from Other Sources
In order to better understand the characteristics and quality of the developed gross floor area (GFA) density and heat demand (HD) density layers, we compared these with data from other sources. We did this at the following regional levels:

For several NUTS 3 regions in Austria and Switzerland, a comparison of the overall gross floor area (GFA) of residential and service buildings and the respective final energy demand (FED) has been performed over the course of the project ESPON locate. The results can be found in the following report [47] . 
For several LAU and NUTS 3 regions across Europe, we collected and compared the following data: number of inhabitants, GFA of residential buildings, GFA of service buildings, and FED for space heating and hot water preparation in residential and service buildings. We collected these data from local statistics on buildings and energy use and from reports of other projects (see Table  2 ).  For three cities in Europe, we compared the developed GFA and the HD density maps with maps developed on the basis of building stock data from the city administrations. Then, we compared the values of both maps at the level of 100 × 100 m raster elements. These maps were developed according to the following methodology: 
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For several LAU and NUTS 3 regions across Europe, we collected and compared the following data: number of inhabitants, GFA of residential buildings, GFA of service buildings, and FED for space heating and hot water preparation in residential and service buildings. We collected these data from local statistics on buildings and energy use and from reports of other projects (see Table 2 ).
For three cities in Europe, we compared the developed GFA and the HD density maps with maps developed on the basis of building stock data from the city administrations. Then, we compared the values of both maps at the level of 100 × 100 m raster elements. These maps were developed according to the following methodology:
The basis for the bottom-up calculation of the GFA and the EN of the buildings in the three cities are shape files of the buildings containing the following information: shape and location of the building footprint, number of floors, building height and type, as well as age of the building. If data for certain buildings were missing, we filled these gaps using the average values of the other buildings with similar characteristics in the database.
In the second step, we joined these building stock data with data on specific EN values for space heating and for hot water generation from the Invert/EE-Lab model [40] . With this model, we calculated these values for typical buildings in the countries according to the type and construction period of the buildings. The resulting values applied to the overall building stock in the countries match the national energy balances. In joining the values with the building stock databases of the cities, we performed climate correction from the average heating degree days (HDD) in the countries to the HDD in the cities. For this, we used the HDD data from the Hotmaps database (see Figure 9 , available at [62] ).
For the comparison, we used data from published and unpublished sources. At the NUTS 3 or LAU level for several locations, data can be found in the published literature. However, for many regions and municipalities, data on the energy demands of space heating and hot water generation, or on the number of buildings, are only available in unpublished databases or reports. Because public authorities usually do not publish their building inventories, for our comparison at the hectare level, we were only able to use unpublished data.
Results
Resulting Maps and Data
The developed raster files for gross floor area and heat demand for space heating and hot water preparation in residential and non-residential buildings are integrated into the Hotmaps database and toolbox and are accessible on their respective webpages [63] . On the website, these data can be visualised and analysed for selected locations and can be used in the different integrated calculation modules. Figure 11 shows a screenshot of the heat demand density total layer and the provided indicators for the NUTS 3 region of Vienna.
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The developed raster files for gross floor area and heat demand for space heating and hot water preparation in residential and non-residential buildings are integrated into the Hotmaps database and toolbox and are accessible on their respective webpages [63] . On the website, these data can be visualised and analysed for selected locations and can be used in the different integrated calculation modules. Figure 11 shows a screenshot of the heat demand density total layer and the provided indicators for the NUTS 3 region of Vienna. Figure 11 . Screenshot of the developed heat demand density layer for the NUTS 3 region of Vienna, accessed via the Hotmaps database and toolbox. Source: [63] .
The layers are also available for download from the Hotmaps database and toolbox or directly from a GitHub repository. The corresponding links are given in the supplementary materials section at the end of the manuscript. Figure 11 . Screenshot of the developed heat demand density layer for the NUTS 3 region of Vienna, accessed via the Hotmaps database and toolbox. Source: [63] .
Comparison of Results with Data from Other Sources at the NUTS 3, LAU 1, and LAU 2 Levels
The layers are also available for download from the Hotmaps database and toolbox or directly from a GitHub repository. The corresponding links are given in the supplementary materials section at the end of the manuscript.
To understand the quality of the developed gross floor area (GFA) and heat demand (HD) data, we first compare these at the levels of the NUTS 3, LAU 1 (local administrative units), and LAU 2 regions with data from other sources. We collected data on population, residential GFA, total GFA, and HD for space heating and hot water generation in residential and tertiary buildings for 20 different regions. Table 2 lists the data sources we used, and Figure 12 shows the results of this comparison. Austria [87, 88] regions with data from other sources. We collected data on population, residential GFA, total GFA, and HD for space heating and hot water generation in residential and tertiary buildings for 20 different regions. Table 2 lists the data sources we used, and Figure 12 shows the results of this comparison. This comparison of the developed data and other sources for the 20 selected regions shows an average difference of 12% in the mean values among the absolute values, with a standard deviation of 10% and a deviation of 8% for the median values. However, for some values, we found nearly no difference between the developed and other data. Some values show remarkable differences up to 45%. The values for the population and total GFA seem to better match the developed data and other sources, whereas residential GFA and HD show greater differences. Residential GFA, on average, is 9% higher in the developed data, and the HD, on average, is 8% lower. Both show a standard deviation of 16%. For regions with higher numbers of population, the differences seem to be lower. However, these statistics on the difference between the developed data and other data have a high uncertainty mainly due to the limited number of regions under comparison and the limited certainty of data from other sources. We discuss these uncertainties in Section 4.2.
Comparison of the Results with Data from Other Sources at the Hectare Level
For the cities of Bistrita, San Sebastian, and Frankfurt, we compared the developed gross floor area (GFA) and heat demand (HD) density maps (top-down) with maps developed from municipal building stock databases (bottom-up). Both types of maps were created with the same projection and raster size. For the comparison, we scaled the values in each hectare element of the top-down maps using the following ratio: the sum of the values of all hectare elements in the bottom-up map divided by the sum of values of all hectare elements in the top-down map. This allows us to focus on the difference of the distribution of the GFA and HD in the territories between the top-down and the bottom-up maps. For HD, we compare two maps: the top-down map and the bottom-up map. For GFA, we compare three maps: the top-down map, the bottom-up map of the GFA for all buildings in the region, and the bottom-up map showing only the heated GFA (HA) in residential and tertiary buildings.
In the first step, we compared the distribution of the GFA and HD over the GFA and HD density in the top-down and bottom-up maps. Figure 13 presents these distributions, showing the cumulated GFA and HD values for all hectare elements, from the elements with low density to the elements with high density. In order to compare the distributions for the three cities, we normalized both axes.
9% higher in the developed data, and the HD, on average, is 8% lower. Both show a standard deviation of 16%. For regions with higher numbers of population, the differences seem to be lower. However, these statistics on the difference between the developed data and other data have a high uncertainty mainly due to the limited number of regions under comparison and the limited certainty of data from other sources. We discuss these uncertainties in Section 4.3.
For the cities of Bistrita, San Sebastian, and Frankfurt, we compared the developed gross floor area (GFA) and heat demand (HD) density maps (top-down) with maps developed from municipal building stock databases (bottom-up). Both types of maps were created with the same projection and raster size. For the comparison, we scaled the values in each hectare element of the top-down maps using the following ratio: In the first step, we compared the distribution of the GFA and HD over the GFA and HD density in the top-down and bottom-up maps. Figure 13 presents these distributions, showing the cumulated GFA and HD values for all hectare elements, from the elements with low density to the elements with high density. In order to compare the distributions for the three cities, we normalized both axes. The figures show that, in the top-down maps, the GFA and the HD are distributed over a smaller range of GFA and HD density compared to the bottom-up maps. The maximum density in the bottom-up maps is remarkably higher than the maximum density in the top-down maps: e.g., in Frankfurt, in the top-down map, the highest GFA density is only 13% of the highest GFA density in the bottom-up map; for HD in Frankfurt, the GFA density is even lower at 11%. This is the same for all analysed cities but with a lower difference between the maximum values. Furthermore, the GFA and the HD are more evenly distributed in the top-down maps than in the bottom-up maps. The strong increase of density for the 5-10% GFA and HD in the areas of highest density visible in the bottom-up maps is remarkably underestimated in the top-down maps. Due to the fact that these characteristics can be found for all comparisons between the top-down and bottom-up groups, this seems like a systematic difference between the top-down and bottom-up results.
The figure also shows that the form of the distribution of the GFA and HD over the GFA and HD density is similar in the bottom-up and top-down maps. That is, the slope of the distribution curve for Frankfurt is steeper than that for San Sebastian, and the slope of the curve for San Sebastian is steeper than that for Bistrita. This is the same for both the bottom-up and top-down maps, as well as for the GFA and HD comparison. Finally, we also in the comparison of the GFA maps that the bottom-up maps showing only the heated area (HA) match better with the top-down maps for the three cities than with the bottom-up maps showing the entire GFA for all buildings in the region. This result seems logical, as the top-down maps reflect the heated area only.
For the second analysis, we compared the values from the top-down and bottom-up maps for each hectare element. Figure 14 shows the difference between the bottom-up and the top-down value in each hectare element for the three cities. In this way, the following maps are compared: 
Discussion
In this paper, we explained how we developed a gross floor area (GFA) density map and a heat demand (HD) density map at the level of 100 m × 100 m for the entire EU 28 (+ Norway, Iceland, and Switzerland) within the Hotmaps project. We also showed a comparison of the developed maps at the NUTS 3, LAU, and hectare levels with data and maps (developed) from other sources. In the following, we discuss the limitations of available data for the exercise and their effects on the results, as well as the uncertainty in the comparison of the results with data from other sources. 
In this paper, we explained how we developed a gross floor area (GFA) density map and a heat demand (HD) density map at the level of 100 m × 100 m for the entire EU 28 (+ Norway, Iceland, and Switzerland) within the Hotmaps project. We also showed a comparison of the developed maps at the NUTS 3, LAU, and hectare levels with data and maps (developed) from other sources. In the following, we discuss the limitations of available data for the exercise and their effects on the results, as well as the uncertainty in the comparison of the results with data from other sources.
Limitations of the Data
The presented datasets and maps build on a statistical approach. This approach limits the accurateness of the data, as site specific or local conditions are not taken into account. Considering the input data, we believe that the population data are accurate up to a level between 250 × 250 m and 500 × 500 m. However, we must acknowledge that the input data are, on average, about 10 years old. In addition, the data are consistent with statistical data at the municipal level; given the limitation that statistical population data on LAU regions are not available for all census years and LAU regions (or contain inconsistencies), we used the average population data for the years 2008 to 2016. Checks, where we estimated the population of a given area using satellite images and estimations for the average number of persons per building, confirmed that the data are also plausible for higher resolutions.
Statistical data on the residential heated (net) floor area are available for most NUTS 3 regions. We again performed manual data quality checks, which indicated that our results are plausible at the hectare level for most regions. However, in the current dataset, we did not consider the observation that the heated area per inhabitant often decreases by increasing population density. For NUTS 3 regions with a strong urban versus rural area gradient, this might result in an overestimation of the heated residential gross floor area in urban areas. The heated gross floor area of non-residential buildings, however, remains very uncertain at the country level. Data quality checks indicate that the sum of the residential and non-residential heated gross floor area is in a plausible range. Also, the ratio between residential and non-residential gross floor area is plausible, although this indicator might not hold for grid cells, which contain few buildings. Furthermore, the comparison of regional building stock data indicates that we likely underestimated the floor area of non-residential buildings at the country level, which is an input in our model. The final energy demand for non-residential buildings, however, is in the correct order of magnitude, as well as the data for the heated gross floor area at the national level for building categories, such as offices, health and education, restaurants and hotels, retail and wholesale, and others. One possible reason for this result is that we overestimated the area-specific energy demand (e.g., due to the geometry of the buildings (small surface-to-volume ratio) and/or higher-than-estimated internal gains) or that a significant share of non-residential buildings is not fully heated (industrial production halls, warehouses, etc.). In order to systematically investigate this gap, further high-quality data on existing non-residential building stock is needed.
For the heat demand density map, we derived the local data from statistical data on energy consumption at the country level and national building stock characteristics, such as the average specific energy needs per construction period. To calculate the grid cell specific energy demand-per-floor area data, we assessed the surface-to-volume ratio of buildings based on the OpenStreetMap database, the share of floor area per construction periods, and the heating and cooling degree days. The impacts of the first two indicators are plausible but highly uncertain. We, therefore, give these indicators a low weight in our calculations. We belief that these last indicators, the heating and cooling degree days, are of higher accuracy, although we used a simple atmospheric temperature lapse rate model, which cannot account for local site-specific weather and climate conditions. Additional uncertainties exist, as we do not know if and how planers have already considered colder (or warmer) local climate conditions when the buildings were constructed in the past. Since we assume that this might be the case to some extent, we lowered the weight of the climate indicator compared to what is usually considered to be the actual thermodynamic degree of influence. Again, data quality checks indicate that our results are plausible. However, we recommend using individual data on the heated area-specific energy needs or final energy demands, whenever local data are available. Another uncertainty regarding the final energy consumption (which is not the case for the energy needs) arises from the lack of information on the applied heating systems and the corresponding efficiency. If, in a region or grid cell hiatus, biomass-based stoves are widely applied, then the final energy consumption will be higher than if electricity-based systems are commonly used, even if the actual energy needs of the buildings are identical.
Uncertainty in the Comparison of the Results with Data from Other Sources
To compare the developed maps with data and maps from other sources at different regional levels is important to understand the potential use and the credibility of the dataset. Although it was possible to find values for population, residential gross floor area (GFA), total GFA, and heat demand (HD) for 20 regions, the uncertainty in the statistics for the difference between the developed data and the data from other sources is high. There are two main reason for this uncertainty. First, the share of the regions for which we compared developed data with data from other sources on the overall territory covered in the developed data is very low. The 20 regions in the presented comparison cover 1.4% of the population of the entire analysed territory. Second, the reliability of the data from other sources is often unknown. Descriptions of the data stated in reports often lack detail to understand what exactly is being represented in the data, e.g., what type of heat demand is reflected, what types of buildings are taken into account, the year of reference, if the demand data are climate corrected, or what the regional borders of the analysis are. Therefore, no quantitative conclusions for the differences between the developed and other data at the NUTS and LAU level are possible.
We also compared the top-down developed maps with maps based on municipal building stock data (bottom-up) for three cities at the hectare level. The bottom-up maps were developed by estimating the HD via the average HD in typical buildings in the countries calibrated at the national level and climate corrected to the location of analysis. We found that the overall GFA and HD, as well as the split between residential and tertiary buildings, in the developed bottom-up maps match well with the data for buildings and the energy statistics from the cities. However, the data in the local statistics also imply uncertainty. Notably, the energy demand for space heating and hot water generation is not generally measured but developed based on the estimated shares of energy carriers used for different purposes. Bottom-up estimations, on the other hand, strongly depend on the input data-most importantly, energy demand per m 2 , service factors, and building occupation. Furthermore, user behaviour is an important uncertainty when analysing HD at a very detailed regional level: Are people leaving houses for longer periods, are they used to having lower or higher indoor temperatures, or is a building or a flat really occupied or not?
Conclusions and Outlook
Conclusions
The developed GFA and HD density maps cover the entire territory of EU 28 + Norway, Iceland, and Switzerland. In addition, they are fully open source and therefore usable by everyone for every purpose. This is the first such dataset we know of.
A comparison of the developed data with data stated in other sources for selected cities and regions showed differences from very low up to 45%. The average difference of all compared values was 12% (median 8%), with a standard deviation of 10%. Differences in this range are also often experienced in comparing data from bottom-up estimations of GFA and HD based on local building stock data with values from buildings and energy statistics.
A comparison of the developed maps with maps based on municipal building stock datasets for three cities shows that, for these locations, the overall tendency of the distribution of GFA and HD over the GFA and HD density is similar in both approaches. This comparison also reveals the following Energies 2019, 12, 4789 20 of 25 systematic difference: The developed datasets seem to systematically overestimate the GFA and HD in low density areas and underestimate the GFA and HD in high density areas.
We conclude that the developed GFA and HD density maps allow a first analysis of GFA and HD distribution in all locations in Europe. Also, they can be used to identify areas that might be suitable for district heating. Especially for locations in Europe where detailed GFA and HD density maps are not available, the developed maps provide valuable data for initial and quick analyses. For the detailed planning of supply infrastructure, however, more detailed data from the local level should be used.
Outlook
Although the approach of developing heat density maps is not entirely new, and despite the achieved progress regarding the transparency, accessibility, and quality of the data presented in this paper, there is still a considerable need to enhance the work on heat density maps.
In the course of the Hotmaps project, the representatives of additional follower areas-beyond the cases presented above-will use the Hotmaps toolbox (www.hotmaps.eu). The creation of detailed, bottom-up heat density maps will provide the grounds for more data to be compared with the EU-28 default data map presented in this paper. The authors intend to use this process to continuously develop further calibration, a better understanding of possible deviations and biases, and regularly update the database via the toolbox and on the mentioned Git-Repository. This model, which creates the described heat density maps, will be published as open source at the end of the Hotmaps project; until then, the model is available on request.
High quality data on heating and cooling energy demands and consumption for entire regions or areas are rare and usually subject to substantial uncertainty. Thus, reference values for the plausibility checks of heat density maps are also rare and partly uncertain. In addition, even the assessment of the reliability of a source is often difficult since geographic system boundaries are not always clear, and the definitions, and indicators are often not fully documented. Thus, the improvement of data availability, reliability, documentation, and know-how on the municipal, regional, national, and European levels regarding energy demands and, in particular, heating and cooling, should be given higher priority. On the municipal level, this prioritization should also be integrated in the process of establishing strategic heating and cooling planning and mapping processes. We are convinced that a better data foundation and correspondingly trained persons are essential preconditions for more effective planning and mapping processes and thus a decarbonisation of the heating and cooling sector.
Cooling density maps have also been developed by the authors in the frame of the project Hotmaps. Due to the restricted space in this paper, we decided to limit the scope to heating only. The elaboration of cooling density maps has led to other types of uncertainties and issues that need be further analysed in future research work.
The validation and subsequent reliability of the heat density maps could be further improved by integrating other data sources. This refers, for example, to the data from the EPC databases. The project Enerfund (http://enerfund.eu/) has provided a rich map of EPC data, at least for some countries. Another important source and step to improve the quality of heat density maps is using real and measured energy consumption data. By increasing the roll-out of smart meters and devices that enhance the smart-readiness of buildings, a substantial amount of data will be available in the future. These data will have good potential to improve the reliability and real-time updates, adding higher time resolution and quality to the heat density maps. However, the availability of these data does not mean they are also accessible for the improvement of heat density maps. Clarifying data protection rules and the ownership of consumers' energy consumption data will be one of the key prerequisites.
Overall, we are convinced that with an increasingly stronger focus on the heating and cooling sector in achieving energy and climate policy targets, local work on decarbonising this sector will gain relevance. In this way, a better understanding of the spatial dimension of heating and cooling supply and demand will become progressively more important.
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